Abstract-The high-temperature operation of a silicon carbide gate turn-off thyristor is evaluated for use in inductively loaded switching circuits. Compared to purely resistive load elements, inductive loads subject the switching device to higher internal power dissipation. The ability of silicon carbide components to operate at elevated temperatures and high power dissipations are important factors for their use in future power conversion/control systems. In this work, a maximum current density of 540 A/cm 2 at 600 V was switched at a frequency of 2 kHz and at several case temperatures up to 150 C. The turn-off and turn-on characteristics of the thyristor are discussed.
Inductive Switching of 4H-SiC Gate
Turn-Off Thyristors
I. INTRODUCTION
A S THE performance of silicon power switching devices approaches the material's limit, alternative semiconductors such as silicon carbide (SiC) are being investigated for use in electrical power-control systems [1] . Researchers have previously demonstrated SiC gate turn-off thyristors (GTOs) as switching devices in circuits driving resistive loads [2] , [3] . However, for many power electronics applications such as motor control, the GTO will be stressed by higher internal power dissipation due to the phase difference caused by the inductive load. The ability of SiC components to operate at elevated temperatures and high power dissipations are important factors for their use in future Army power conversion/control systems. Hence, we report here on the first evaluation of the switching characteristics of a 4H-SiC GTO under the conditions of large inductive load, high current, high voltage, and elevated temperature.
II. EXPERIMENTAL PROCEDURE AND SYSTEM Fig. 1 gives the schematic cross section of the asymmetrical GTO. These devices were fabricated by Cree, Inc., Durham, NC, using a structure of five epitaxial layers grown on 8 off-axis 4H-SiC, n-type substrates. The mesa area of these devices is 1 mm , and the anode area is 3.7 10 cm . A full description of the Cree GTO structure can be found in [2] .
The circuit shown in Fig. 2 was designed to stress the GTO under the following maximum conditions: forward blocking voltage ( ) of 600 V, forward current ( ) of 2 A, and case temperatures ( ) to 150 C. The GTOs were mounted in A203 Kyocera packages. A custom-built gate-drive circuit was connected between the gate and the anode. Note that this GTO requires a negative gate current ( ) to be latched on and a positive to be turned off. Again, this circuit was designed to evaluate SiC devices under stress conditions similar to those found in induction motor drive applications. The circuit was operated under single-shot and repetitive conditions up to a frequency of 2 kHz with the on-pulse width being varied from 2 to 250 s. The value of the inductor ( ) was fixed at 10 mH and the resistor was varied between 250 and 300 , depending on the applied voltage and required current. The freewheeling diode ( ) was used to reduce the voltage overshoot across the U.S. Government work not protected by U.S. copyright.
GTO. The snubber circuit (consisting of , , and ) was designed to limit the turn-off time to approximately 3 s in order to minimize the risk of turn-on [4] . The rate of rise of was limited by the load inductance thereby avoiding damage to the device [5] .
The device was switched with a conservative turn-off current gain of 1 and a turn-on gain of 7. That is, the gate circuit was tailored to produce a larger turn-off current than turn-on current. The turn-on gain of 7 is not the maximum gain of the GTO, but was selected for reliable operation of the device. Additionally, care was taken not to exceed the reverse breakdown voltage (approximately 15 V) of the anode-gate junction. The anode and gate currents were monitored using Tektronix TCP202 current probes and the anode and gate voltages were monitored using Tektronix P5205 differential voltage probes.
III. RESULTS AND DISCUSSION
The on-state characteristics of the device, shown in Fig. 3 , indicate a range of holding current values: 364 mA at 28 C case temperature down to 36 mA at 170 C. At a conduction current of 2 A, the on-state voltage decreases from 4.13 V at a case temperature of 28 C to 3.85 V at 170 C. The on-state resistance was calculated from the slopes of the linear region of the waveforms shown in Fig. 3 . The specific on-resistance was then calculated by multiplying the resistance by the active area (3.7 10 cm ) of the device. The specific resistance is 1.5 m cm at a of 28 C, and 1.6 m cm at a of 170 C. Fig. 4 shows the device's switching waveforms at 600 V and 2 A at 2 kHz. At turn-on, there is an initial pulse of cathode current as charge is removed from the snubber circuit. Thereafter, the current slowly increases as the load inductor is energized. The rise time of this current is a function of the values of the inductor and load resistor. The GTO turn-off time was investigated as a function of at 100 and 150 C. The turn-off time increased from 5.4 to 7.7 s as the increased from 25 to 150 C. The increase in turn-off time as a function of temperature is due to the increase in carrier lifetime [2] .
The power dissipated in the device is plotted in Fig. 5 for operation at 600 V and 2 A. Power spikes of 600 W with a fullwidth, half maximum duration of 4 s are produced at turn-off, whereas power spikes of 140 W with a full-width, half maximum duration of 2 s are produce at turn-on. The switching frequency of 2 kHz produces an average switching power loss of 5 W and an average conduction power loss of 3 W. To accommodate bond wires, the GTOs evaluated in this study have large bonding pads that require an isolation layer (SiO ) between the gate and anode metallization layers. We found that, at high temperatures ( 150 C), the thin isolation layer supported leakage currents between the gate and anode causing unreliable operation and failures. Because of this, the safe operating area of this device could not be fully characterized.
IV. CONCLUSION
4H-SiC GTOs operating at 150 C were switched into an inductive load, under single shot and repetitive conditions, up to a frequency of 2 kHz and with currents up to 2 A (or 540 A/cm ). Devices were operated at case temperatures up to 150 C. Although the performance limits of these GTOs could not evalu- ated due to a structural defect, we believe that this device can be operated at higher turn-off and turn-on gains at elevated temperatures. Our results indicate that SiC device technology has matured such that it may be used in power electronics applications in the very near future. Additional work is now underway to determine the long-term reliability of these devices.
